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Abstract 
 
Optically  excited  Lockin-Thermography  is  a  non-contact  NDE-method  which  found  many  applications. 
However, the depth information about thermal boundaries (i.e. defects) which is included in the resulting phase 
angle images has not been extracted rigorously till now. This paper shows one way to derive from phase angle 
values depth resolved information on thermal boundaries and perform single-sided thermal wave profilometry. 
 
1.  Optically excited Lockin-Thermography (OLT) 
 
This non-destructive testing method displays local perturbation of heat transport inside the sample to be 
examined. Often, such perturbations occur due to material defects. Common thermography inspection uses just 
one single image of a cooling or heating process. Many artefacts may affect thermograms obtained this way. If 
heat transport is modulated and the subsequent information correspondingly decoded, a substantial improvement 
of signal to noise ratio is achieved, especially if the phase angle is used. 
 
  Dynamic heat propagation (thermal waves) 
 
A sinusoidal temperature modulation with frequency ω generates at the surface (z = 0) a thermal wave 
which propagates into the interior of the solid according to 
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where    µ  denotes  thermal diffusion length  which  depends  on thermal  diffusivity  α  of  the  material  and 
modulation frequency ω, 
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where λ is heat conductivity, ρ density and c specific heat. The thermal diffusivity determines how rapidly 
temperature  differences  are  compensated  within  the  material.  The  dependence  of  µ on  frequency  allows  for 
depth-resolved defect detection since depth range is larger at lower modulation frequencies. 
 
  Experimental Setup 
 
In the general setup of optically excited Lockin thermography (OLT, figure 1) thermal waves are generated 
and detected on the same side of the sample (‘reflection mode’), while source and detector are on opposite sides 
in  the  ‘transmission  mode’  which  is  applicable  if  samples  are  thin  enough.  Then  one  obtains  essentially 
projections  of  internal  boundaries  very  similarly  to  x-ray  or  ultrasound  C-Scan  imaging.  The  measurements 
described in this paper were performed in reflection mode which has the advantage of a single sided arrangement 
and depth profiling capability. Our measurement system contained a thermography camera (Emerald MWIR with 
3-5 µm spectral range and 15 mK NETD) and halogen lamps with up to 2kW electrical input. 9th International Conference on Quantitative InfraRed Thermography 
 
 
Fig. 1. Setup for OLT 
 
2.  Depth profiling 
 
In the reflection mode the amplitude depth range is about the thermal diffusion length µ which depends on 
lockin-frequency (see Eq. (2)). However, phase has an enhanced depth range of about 1.8 µ ([2] [3] [4]).  
 
  Thermal wave reflection 
 
Propagation of thermal waves, reflection at subsurface boundaries and superposition with the incident 
temperature  field  on  the  surface  can  be  analytically  calculated.  For  a  homogeneous  slab  with  thickness  L 
surrounded by air (so the thermal reflection coefficientγ  is approximately 1), the resulting surface temperature 
wave field in the frequency domain is ([5]): 
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wherein  ) (ω σ is the complex wave number function: 
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An analytical solution of the phase angle distribution of the surface temperature field can be calculated 
from Eq. (4) by using addition theorems: 
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with the frequency dependent functions 
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The frequency dependence of this solution (displayed in figure 2) is the background for the depth profiling 
method described in this paper.  NDE 
 
 
Fig. 2 Theoretical phase spectrum for 1d thermal wave reflection in CFRP with different wall thicknesses L. 
 
  Analytical evaluation 
 
For depth profiling the phase spectrum can be recorded and evaluated at each pixel. Theoretical phase 
spectra for carbon fibre reinforced plastics (CFRP) are shown in figure 2. Dealing with composite material like 
CRFP,  delaminations  are  crucial  defects,  which  should  be  detect  and  characterized  reliably.  Using  OLT,  a 
delamination appears as a region with reduced thickness because the thermal wave is fully reflected at the first 
interface. 
For practical applications where effects of equipment may occur, it is suitable not to evaluate the local 
spectra themselves but their difference with respect to a chosen reference spectrum (“phase contrast spectrum”). 
Calculated  difference spectra  are  shown  in  figure  3.  The phase  minima  (or maxima)  in  measured  difference 
spectra can be used for depth evaluation. As a new image parameter the frequency associated with such a local 
extremum can be chosen. Examples are shown in the next section. 
  
 
 
 
Fig. 3. Phase sepectrum for total specimen thickness taken as reference. Local minima in the phase contrast 
spectrum are used for evaluation. 
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3.  Measurement Results 
 
If the evaluation method above is taken for each pixel of a phase image stack, the resulting information is 
compressed into just one “frequency image” where the specific frequency value described above is attributed to 
each pixel. For homogenous materials with constant thermal diffusivity, an image of such frequencies displays 
local depth. For our tests we used a model specimen consisting of PMMA (polymethylmethacrylate) provided with 
flat bottom holes drilled from the rear side (figure 4). 
 
 
Fig. 4. Construction plan of a PMMA model specimen. 
 
In the resulting perspective plot of local frequency (figure 5) the flat bottom holes appear as cylinders of 
different height, corresponding to the varying depth of the thermal boundaries. However, the top of these cylinders 
display small valleys and the cylinder radii increase towards the bottom. These effects are due to lateral heat 
conduction, which has not been taken into account in the 1d-model calculations shown above. 
 
Fig. 5. Depth profile of the PMMA model specimen. 
  NDE 
Another  sample  we  tested  was  a  CFRP  plate  where  depth  resolved  detection  of  delaminations  is  of 
interest for maintenance inspections. Though the assumed conditions of isotropy and homogeneity are not valid 
any more for this material, the method displays clearly the hidden simulated defects (see figure 8). 
 
Fig. 8. Depth profile of a CFRP specimen including Teflon foils in different depths to simulate delaminations. 
 
Comparing this result to single phase images, it becomes obvious that a defect may escape attention 
when it is below the depth range (figure 7 taken at 0.5 Hz) or when the defect has the same phase angle as the 
background (in figure 6 the circles in the middle and the defects on the right). For defects in such a depth this 
lockin-frequency is called “blind frequency”. For reliable defect characterization one needs more than only one 
OLT measurement. 
 
   
Fig. 6. Phase image at 0.08 Hz lockin-frequency  Fig. 7. Phase image at 0.5 Hz lockin-frequency 9th International Conference on Quantitative InfraRed Thermography 
4.  Conclusions 
 
The possibility to use OLT for depth profilometry was demonstrated. Phase spectra at each pixel provide 
the depth information without any “blind frequency” effects and related loss of information. The described method 
is applicable even for inhomogeneous and anisotropic materials such as CFRP. Lateral heat propagation was not 
yet taken into account. Therefore the pixel neighbourhoods have to be evaluated e.g. by suitable point spread 
functions. 
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